Adjuvant effects on innate as well as adaptive immunity may be critical for inducing protection against mucosal HIV and simian immunodeficiency virus (SIV) exposure. We therefore studied effects of Toll-like receptor agonists and IL-15 as mucosal adjuvants on both innate and adaptive immunity in a peptide/poxvirus HIV/SIV mucosal vaccine in macaques, and made three critical observations regarding both innate and adaptive correlates of protection: (i) adjuvant-alone without vaccine antigen impacted the intrarectal SIVmac251 challenge outcome, correlating with surprisingly long-lived APOBEC3G (A3G)-mediated innate immunity; in addition, even among animals receiving vaccine with adjuvants, viral load correlated inversely with A3G levels; (ii) a surprising threshold-like effect existed for vaccine-induced adaptive immunity control of viral load, and only antigen-specific polyfunctional CD8 + T cells correlated with protection, not tetramer + T cells, demonstrating the importance of T-cell quality; (iii) synergy was observed between Toll-like receptor agonists and IL-15 for driving adaptive responses through the up-regulation of IL-15Rα, which can present IL-15 in trans, as well as for driving the innate A3G response. Thus, strategic use of molecular adjuvants can provide better mucosal protection through induction of both innate and adaptive immunity. 
Edited* by Robert C. Gallo, Institute of Human Virology, University of Maryland, Baltimore, MD, and approved April 19, 2010 (received for review October 15, 2009) Adjuvant effects on innate as well as adaptive immunity may be critical for inducing protection against mucosal HIV and simian immunodeficiency virus (SIV) exposure. We therefore studied effects of Toll-like receptor agonists and IL-15 as mucosal adjuvants on both innate and adaptive immunity in a peptide/poxvirus HIV/SIV mucosal vaccine in macaques, and made three critical observations regarding both innate and adaptive correlates of protection: (i) adjuvant-alone without vaccine antigen impacted the intrarectal SIVmac251 challenge outcome, correlating with surprisingly long-lived APOBEC3G (A3G)-mediated innate immunity; in addition, even among animals receiving vaccine with adjuvants, viral load correlated inversely with A3G levels; (ii) a surprising threshold-like effect existed for vaccine-induced adaptive immunity control of viral load, and only antigen-specific polyfunctional CD8 + T cells correlated with protection, not tetramer + T cells, demonstrating the importance of T-cell quality; (iii) synergy was observed between Toll-like receptor agonists and IL-15 for driving adaptive responses through the up-regulation of IL-15Rα, which can present IL-15 in trans, as well as for driving the innate A3G response. Thus, strategic use of molecular adjuvants can provide better mucosal protection through induction of both innate and adaptive immunity. A s simian immunodeficiency virus (SIV) is restricted to mucosal tissue shortly after rectal or vaginal challenge, a strong preexisting mucosal immune response might prevent or slow viral transmission (1) (2) (3) . Previous studies from our laboratory showed that mucosal immunization of macaques with an HIV/SIV peptide vaccine was more effective against SIV/HIV challenge than systemic vaccination (4) and that a peptide-prime/poxviral boost approach that induced a strong cytotoxic T lymphocyte (CTL) mucosal response could impact dissemination of intrarectally administered pathogenic SIV/HIV-ku2 (5). An improved regimen might actually abort the local mucosal infection before dissemination. Certain molecular adjuvants, such as Toll-like receptor (TLR) agonists and cytokines, can improve the quantity and quality of antigen-specific T-cell responses (6, 7) . Studies in mice showed that TLR2, -3, and -9 agonists activate and mature dendritic cells (DCs) to enhance immune responses (8, 9) and our laboratory discovered a synergistic adjuvant effect of a combination of these agonists (9, 10) . We and others have also found that IL-15 is a strong cytokine adjuvant, as it promotes the homeostatic expansion of CD8 + memory T cells, and the induction of higher avidity, longer-lived T cells (11) (12) (13) (14) . Combinations of these adjuvants might therefore improve the magnitude and quality of vaccine-induced responses.
Although most interest in molecular adjuvants has been to improve adaptive immunity, here we also investigated their ability to induce protective innate immunity. We found APOBEC3G (A3G) expression levels were correlated inversely with viral load. A3G is a potent host antiretroviral factor that can restrict HIV-1 infection through multiple mechanisms (15, 16) . Recent studies showed that A3G mRNA expression was elevated in both HIV-1-infected longterm nonprogressors and HIV-exposed seronegative individuals and also correlated with a slow progression in long-term nonprogressors (17, 18) . In addition, mucosal immunization led to persistent expression of A3G in macaques (19) . PolyI:C, one component of our vaccine adjuvant, was reported to inhibit HIV amplification in DCs via A3G induction (20) . In the current macaque study, we demonstrated an innate mechanism by which adjuvants may contribute to viral control, and identified candidate adaptive immune correlates of protection.
Results
To investigate the immunogenicity and protective efficacy of TLR agonists and IL-15 adjuvanted SIV vaccine, we intracolorectally immunized 20 Indian rhesus macaques using a peptide prime/ modified vaccinia virus Ankara (MVA) boost protocol with or without a triple combination of TLR2/6, -3, and -9 agonists [macrophage activating lipoprotein-2 (MALP-2), Poly I:C, and D-type CpG, respectively] and IL-15 (Fig. 1A ). Macaques were primed three times with peptides (5, 21) and boosted twice with MVA expressing SIV proteins (Table S1 ) (22) , in all cases with the adjuvants. A fifth group, given TLR agonists and IL-15 without vaccine, was included during immunization as an adjuvant-only control. Seven weeks after the last boost (3 weeks after surgical biopsy to allow recovery), all animals were intrarectally challenged with 10 infectious doses of SIVmac251, a batch and dose that has infected 100% (30/30) of naive animals in previous studies of our collaborators (22) (23) (24) (25) and others (7) . Indeed, even a 5-fold lower dose infected 11 of 11 animals (26).
We did not observe any obvious adverse effects during the study. We monitored plasma SIV RNA levels (Fig. 1B) and CD4 + T-cell count to evaluate regimen efficacy. Because we monitored the macaques for only 6 months postchallenge, none of the animals showed a significant drop in CD4 + T-cell count. Macaques receiving vaccine without adjuvant (group 4) showed high peak and set-point plasma viral loads (VL) (7.7, and 5.3 logs), similar to those of macaques receiving vaccine adjuvanted with either TLR agonists (group 1) (7.6 and 5.6 logs) or IL-15 (group 2) (7.9 and 5.5 logs) alone. In contrast, macaques that received vaccine with both TLR agonists and IL-15 (group 3) showed improved protection: one animal (M) escaped infection, two others (T and E) rapidly cleared virus from the blood, and the remaining two had infections similar to those in other groups. As a whole, group 3 had lower peak and set-point plasma VL (6.2 and 3.8 logs, P < 0.02 compared to groups 1, 2, and 4 by a two-tailed t test) as well as a significantly lower tissue VL in the colon than all of the other vaccinated groups (P < 0.05) (Fig. 1C) , the latter suggesting that vaccination controlled viral infection in the local mucosal tissues. Even in the adjuvant-only group 5, one animal (O) was protected and another (J) showed some decline in VL over time, in contrast to all (30/30) naive historical controls (7, (22) (23) (24) (25) and animals in groups 1, 2, and 4. This finding motivated a search for possible correlates of protection in both innate and adaptive immunity.
We assessed a variety of adaptive immune parameters before challenge. Consistent with our previous studies (5), humoral responses did not appear to play a role. Even 1 week postchallenge, only 3 of 25 animals had significant antibody titers to gp120 (F, L, and V, Table S2 ), and none of them showed protection. Four weeks after the last immunization, all vaccinated monkeys generated similarly high levels of virus-specific tetramer + CD8 + T cells in the colon, with strong responses to all six vaccine epitopes tested, and no evidence for antigenic competition was observed ( Fig. 2A and Fig. S1 ). The frequency of tetramer-positive central and effector memory T cells did not correlate with set-point plasma VLs (Fig. 2B) , although the frequency of tetramer-positive cells in the colon significantly exceeded those in the secondary lymphoid tissue (P < 0.0001) (Fig. 2C) , indicating a stronger local immune response induced by this mucosal vaccine regimen.
To determine whether different adjuvants induce qualitatively -rather than quantitatively-different virus-specific T-cell responses, we evaluated the functionality of the immune responses by intracellular cytokine staining (ICS). Peripheral blood mononuclear cells (PBMCs) were stimulated with six + triple-functional T-cell response frequency and set-point plasma VL was evaluated by threedecay dose-dependent inhibition curve with R value shown, and the P value was calculated by Fisher's exact test for the 2 × 2 comparison log VL < or > 4 and log % polyfunctional T cells < or > 0.3 (log of 2). The animals in different groups were color-coded: group 1 in red, group 2 in blue, group 3 in green, and group 4 in orange. Data show mean and SEM.
CTL-epitopes and two T-helper epitope clusters, and CD4 + /CD8 + T cells were stained for intracellular IFNγ, IL-2, or TNF. Only animals in group 3 had a higher frequency of antigenspecific polyfunctional CD8 + T cells (P = 0.008-0.016) (Fig.  2D) , as well as single-cytokine-producing cells (Fig. S2 A-C) , compared with all other vaccine groups (P < 0.02 for IFNγ and ≤ 0.032 for TNFα). Furthermore, triple-cytokine-producing cells actually produced more IL-2 and TNFα, but less IFNγ, than single-cytokine-producing cells, as determined by geometric mean fluorescent intensity (MFI) (Fig. S2D) . Surprisingly, we found that a nonlinear fit model (three-decay dose-dependent inhibition model similar to a classic inhibitor titration curve), instead of a linear correlation observed previously (7, 27) , was more appropriate to describe the relationship between triple-or single-cytokine-producing antigen-specific CD8 + T cells and setpoint plasma VL (Fig. 2E and Fig. S2 E-G) . The difference between this nonlinear fit model and the linear ones is the existence of a T-cell-response threshold-like effect for detecting a substantially reduced VL (P = 0.0009). Only when T-cell immunity is in the range above ≈2% (log ∼0.3) polyfunctional specific T cells is a significant VL reduction observed, whereas below this range (on the relatively flat part of the curve), there is no correlation between T-cell responses and VL. In view of the known greater resistance of Mamu-B*17 macaques (28), it is notable that this correlation remained significant (R = −0.766, P = 0.011), even when all Mamu-B*17 + animals were excluded from the analysis. Even for the five animals in group 3, plasma VL was inversely correlated with polyfunctional T cells (P < 0.03) (Fig.  S2H ). For the antigen-specific IFNγ + CD4 + T cells, the highest frequencies were seen in the best-protected group (as well as the lowest one), and a trend toward inverse correlation with set-point plasma VL was observed (Fig. 2F and Fig. S2 I and J) .
To our surprise, some of the animals that received only adjuvant were partially protected (Fig. 1B) : one of five adjuvantonly animals did not get infected, one showed lower set-point VL, and the overall peak and set-point VL in this group was low (6.2 logs and 4.5 logs, respectively). As these animals did not receive any vaccine antigen to mediate adaptive immunity, these data suggest the hypothesis that innate immunity was involved. In an attempt to identify innate factors, we first examined A3G and TRIM5α, which are innate restriction factors for HIV/SIV, and found that A3G (Fig. 3A) but not TRIM5α (Fig. S3 ) was upregulated in the protected groups. To determine whether A3G was unique or merely representative of many innate responses contributing to protection, we further assessed natural killer (NK) cells, type I IFN, IFN regulatory factors, IFN-induced MxA (29), CXCL9, IL-1β, TNFα, and Granzyme B expression levels in the mesenteric lymph nodes (MLN) (Fig. S3) , and did not observe significant differences among the groups, whereas type I IFN and TNFα 4 weeks after the last boost were up-regulated in the vaccinated group adjuvanted with TLR agonists alone, which had one of the highest VLs, consistent with the recent finding of a deleterious role played by type I IFN in mediating immune activation (30) . In contrast, the combination of TLR agonists and IL-15 resulted in lower type I IFN, suggesting that IL-15 counteracts this effect by a mechanism that remains to be explored. However, none of these factors correlated with set-point plasma VLs (Fig. S4) , which indicated that they were not the main mediators for innate protection.
Thus, only A3G levels correlated with protection and might be the main innate immunity factor to mediate this protection. The mRNA level of A3G in the MLN was higher in groups that received TLR agonists than the ones without. In addition, in the adjuvant-only group, animal O, which failed to get infected, had the highest A3G level, and animal J, that had a lower set-point VL, also had a relatively high level of A3G (Fig. 3A) , as did the protected animals E, T, and M in group 3 that also received both types of adjuvants. A significant inverse correlation was found between plasma VLs and A3G levels (P = 0.0012), and this was particularly accentuated for the adjuvant-only group, for which only innate immunity was involved (Fig. 3B) . The correlation remained significant (P = 0.0018), even if all of the Mamu-B*17 + animals were excluded from the analysis. The significant inverse correlation for group 5 alone supports the conclusion that A3G was a major factor determining protection in the group that was administered only the adjuvants. In this context, the combination of TLR agonists and IL-15 (groups 3 and 5) significantly up-regulated expression of A3G from prevaccination levels (Fig. 3C) , whereas neither adjuvant alone did (groups 1, 2, or 4) (Fig. S5C) . This significant change from before to after vaccination contrasts with the stable levels in healthy individuals (31) , suggesting an effect of vaccination. Furthermore, we assessed A3G expression in MLN (Fig. 3D and Fig. S6 ) and colon intraepithelial lymphocyte (IEL) (Fig. 3E and Fig. S6 ) by flow cytometry and found that groups 3 and 5 had higher A3G + cell percentages mostly in monocytes and DCs and only a small proportion (less than onethird) in the CD4 + T-cell compartment. In contrast to T cells (32), monocytes and DCs express primarily the protective low molecular mass (LMM) form of A3G (20, 33, 34) . Significant inverse correlations were observed between the A3G expression increase and the set-point plasma (Fig. 3F ) and colon tissue VLs (Fig. S7) . The increase in A3G was confirmed by a third independent method, Western blot (Fig. S5B) .
The data demonstrated a synergistic effect of TLR agonists and IL-15 to induce protective immunity against intrarectal SIVmac251 challenge, involving both T-cell adaptive and innate immunity. However, the mechanism by which this synergy is achieved is unknown. To explore the possible mechanisms, we measured A3G levels upon stimulation with TLR agonists and IL-15 in vitro and found that A3G levels were enhanced with the combination of both adjuvants compared with either one alone, especially in DCs, which was consistent with our in vivo data (Fig. 4A) . Interestingly, IL-15Rα was also significantly enhanced by treatment with both adjuvants in vitro in T cells and non-T accessory cells (Fig. 4B) . IL-15Rα on T cells can directly capture IL-15 and activate T cells (11) , whereas IL-15Rα on accessory cells stabilizes and concentrates IL-15, and mediates IL-15 transpresentation, which is believed to be the dominant mechanism by which the IL-15 signal is delivered in vivo (35) . The upregulation of both A3G and IL-15Rα was inhibited by blockade of the IFNαβR (Fig. 4 A and B) , implying a mechanism dependent on type I IFNs. Based on these results, we propose a model of TLR agonist and IL-15 interaction (Fig. 4C) , in which the induction of IL-15Rα on accessory cells is a key step. TLR agonists, possibly via type I IFN, up-regulate IL-15Rα on accessory cells, which then capture exogenous IL-15 in the vaccine and facilitate the activation of CD8 + T cells/NK cells via a transpresentation mechanism. A higher level of IL-15Rα on antigen-presenting cells (APCs) in the MLNs of monkeys with both adjuvants was indeed observed (Fig. 4 D and E) . We also envision (Fig. 4C) that TLR ligands, together with IL-15, act on accessory cells to induce A3G expression, possibly through a transient autocrine type I IFN mechanism, which does not have the deleterious effects noted earlier for prolonged circulating levels of type I IFN.
Discussion
This macaque study demonstrated that adjuvant-induced innate immunity, in the form of A3G, was likely responsible for the partial protection against subsequent SIVmac251 challenge. Consistent findings were observed in our previous studies where, of two cohorts of SIV/HIV-infected macaques, one of four in the first cohort (4, 36) and three of four in the second cohort (5) in the adjuvant-only group failed to get infected. We identified that the enhanced A3G expression was widely distributed in DCs, monocyte/macrophage, and CD4 + T cells. It worth mention that APCs, such as DCs and CD14 + monocytes, which express mainly the protective LMM form of A3G (20, 33, 34) , were the main A3G + cells in MLN and colon IEL (Fig.3 D and E) . DCs play a critical role in mediating HIV transmission in the mucosal tissues. They are at the front line of encountering HIV, and besides being directly infected by HIV, even in the absence of viral replication they can also capture and transfer HIV virus to CD4 + T cells via synapses. Elevated A3G-mediated intrinsic resistance of DCs might offer potential to counteract HIV infection at the mucosal portal of entry (33) . In the current study, it was likely that APCs that encounter adjuvant/vaccine in the colorectal mucosa are induced to express A3G, which, upon subsequent challenge, was beneficial for viral control. Because there was an inverse correlation of VL with A3G but not with IFNα/β or any other downstream IFN-induced genes before challenge, we believe the effect of A3G is specific and A3G cannot be just a marker for IFN-induced genes. Consistent with a recent study (19) , we found that memory CD4 + T cells were also induced to express A3G, which, if present in the LMM form (32) , might mediate protection against virus penetrating the colorectal epithelial barriers.
Nevertheless, it should be noted that in group 3, innate immunity alone cannot explain all of the protection because animal M, with the greatest protection, had lower levels of A3G than animal T in group 3 or even animal J in group 5. Moreover, three of five animals in group 3 reduced VL below 50 copies per milliliter, whereas only one animal in group 5 did so. Therefore, in the group 3 animals, polyfunctional T cells, in addition to A3G, are necessary to explain the protection observed. Interestingly, we observed a nonlinear correlation between the polyfunctional T-cell responses and the set-point plasma VL. We hypothesize that this threshold-like effect might explain the contradictory reports as to whether T-cell responses correlate with protection in SIV-macaque models and humans (27, (37) (38) (39) , because if responses were all on the plateau phase, no correlation would be found. This threshold effect is also consistent with a proposed hypothesis that such effects may explain the recent failure of the STEP trial (40) . However, more studies are needed to verify this interpretation.
Our macaque data clearly show that neither TLR agonists nor IL-15 alone were sufficient to induce the high levels of functional antigen-specific CD8 + T cells correlating with protection. Our interpretation is that although TLR agonists induced IL-15Rα, they failed to induce enough IL-15, and thus exogenous IL-15 was needed. On the other hand, without the induction of IL-15Rα on accessory cells (and perhaps T cells as well), the IL-15 signal would not be delivered properly. To take full advantage of IL-15-mediated T memory cell induction in future HIV vaccines, the incorporation of components such as TLR agonists or CD40 ligand to enhance IL-15Rα expression on accessory/T cells may be critical.
It is important to point out that because of the use of an adjuvant-only control group, the data presented here constitute unique evidence directly correlating adjuvant-induced innate immunity with protection against SIV infection in vivo. This evidence is in agreement with a previous study showing in vitro up-regulation of A3G can prevent cells from HIV/SIV infection in vitro (41) . A number of observations have implicated innate immunity in affecting HIV replication and AIDS progression; however, direct experimental evidence was lacking. In this macaque study, we demonstrated that repeated mucosal administration of TLR agonists and IL-15 alone without antigen was sufficient to enhance A3G expression, and this alone was sufficient to account for a certain level of protection against subsequent SIV challenge. This result supports the idea that certain adjuvants, able to induce persistent innate immunity, could play a role in preventing SIV transmission, and may explain some adjuvant-only animals in previous studies (4, 5) . Because the outcomes of early SIV infection are mainly dependent on the race between viral replication and dissemination and immune responses against it, the development of rapid or preexisting innate immune responses are essential to allow adaptive immunity sufficient time to mount an effective protective response. Innate immunity, however, is commonly believed to lack memory and be short-lived. In contrast to this dogma, recent findings suggested that NK cells can mediate long-lived, memory-like recall responses independent of B and T cells in a delayed hypersensitivity model (42) . We found that A3G can be up-regulated upon stimulation with certain combinations of adjuvants, and most importantly, a high level of A3G expression could be sustained for a surprisingly long time for an innate response after the immunization (measured at 4 weeks but apparently effective even at 7 weeks at the time of challenge). A recent study also found prolonged up-regulation of A3G after a mucosal vaccination, but did not investigate the role of adjuvants-only (19) . If these characteristics of A3G can be used for future HIV vaccine design, we might be able to elicit a combined innate and adaptive immune response soon enough to prevent the mucosal transmission of the virus.
In conclusion, our data highlight the importance of both innate and adaptive immunity in effective control of infection by vaccination, and suggest correlates of protection that motivate further study of these parameters. The proposed model provides insights for designing future HIV vaccines.
Methods
Rhesus Macaques, Immunization, and Challenge. Twenty-five Indian rhesus macaques (Macaca mulatta) were maintained in accordance with guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care International and with approval of the National Cancer Institute Animal Care and Use Committee. All were seronegative for SIV, simian retroviruses 1, 2, and 5, and simian T-cell leukemia/lymphotropic virus type 1 before the study. (Table S1) Intracolorectal inoculations were performed as previously described, except a 41-cm catheter was used to deliver material into the lower colon (4) . A fifth group (five animals) that received only TLR agonists and IL-15 without peptide and MVA-SIV was included to serve as an adjuvant-only control. Macaques were primed at week 0, 3, and 6 with peptides or adjuvants and boosted at week 12 and 15 with MVA-SIV and adjuvants (22) . At week 22, all animals received an intrarectal inoculation of 10 ID 50 of SIVmac251 [provided by Nancy Miller, National Institute of Allergy and Infectious Diseases (NIAID), National Insitutes of Health], sufficient to infect 100% (30/30) of naive controls in previous studies (7, (22) (23) (24) (25) . After challenge, SIV RNA levels were monitored by NASBA assays for 6 months by Advanced BioScience Laboratories, Inc with a cutoff value of 50 copies. Set-point plasma VL was calculated by averaging the geometric means of plasma VLs from day 45 to 185 postchallenge. We collected colon lamina propria and IEL as previously described (4).
Immunologic Assays. We measured SIV-specific T cell responses by ICS assays (43) , using the following antibodies: CD3-PE-Cy7, CD8-APC-Cy7, CD28-FITC, CD95-PE-Cy5 (BD Pharmingen); and CD4-qdot605, IFNγ-Alexa700, IL-2-Alexa 647, TNFα-PE (Biolegend). Mamu-A*01 tetramers (CM9, LV10, LA9, QA9, SL8, and KA9) were obtained from the MHC tetramer core facility, NIAID. Assessment of A3G and IL-15Rα expression used: CD3-APC, CD14-APC-Cy7, lineage mixture-FITC, HLA-DR-PE-Cy7, CD11c-PE-Cy5, CD123-PerCP-Cy5. Real-Time RT-PCR. Total RNAs from MLNs and PBMCs were isolated, treated with DNase (Ambion) and further purified with RNeasy columns (Qiagen). Next, 400 ng of RNA from each specimen was reverse transcribed and RT-PCR was used with macaque specific A3G Taqman primers/probe (ABI) to measure relative mRNA expression levels by the comparative threshold cycle (Ct) method. The Ct values for A3G were normalized to the geometric mean of GAPDH and β-actin.
Statistical Analyses. We performed statistical analyses with Prism for Mac, version 5 (Graph Pad) and SAS for Windows version 9.1.3. In all analyses, we used a two-sided significance level of 0.05.
